The respiratory pathogen Chlamydia (Chlamydophila) pneumoniae is associated with chronic diseases, including atherosclerosis and giant-cell arteritis, which are accompanied by the occurrence of these obligate intracellular bacteria in blood vessels. There, C. pneumoniae seems to be present in a persistent state. Persistence is characterized by modified bacterial metabolism and morphology, as well as a reversible arrest of chlamydial development. In cell culture, this persistent state can be induced by gamma interferon (IFN-␥). To elucidate this long-term interaction between chlamydiae and their host cells, microarray screening on epithelial HeLa cells was performed. Transcription of persistently (and productively) infected cells was compared with that of mock-infected cells. Sixty-six host cell genes were regulated at 24 h and/or 96 h of IFN-␥-induced persistence. Subsequently, a set of 17 human host cell genes related to apoptosis, cell cycle, or metabolism was identified as permanently up-or down-regulated by real-time PCR. Some of these chlamydiadependent host cell responses were diminished or even absent in the presence of rifampin. However, other expression patterns were not altered by the inhibition of bacterial RNA polymerase, suggesting two different modes of host cell activation. Thus, in the IFN-␥ model, the persisting bacteria cause long-lasting changes in the expression of genes coding for functionally important proteins. They might be potential drug targets for the treatment of persistent C. pneumoniae infections.
The spectrum of illness caused by Chlamydia (also Chlamydophila) pneumoniae ranges from severe community-acquired pneumonia to bronchitis, pharyngitis, laryngitis, or sinusitis (31) . Chlamydial infections show high rates of recurrence (3, 11, 12) . The increasingly strong association between C. pneumoniae and several chronic conditions, including asthma, follicular conjunctivitis, chronic bronchitis, giant-cell arteritis, and atherosclerosis, has been studied by many research groups (9, 18, 19, 32, 47, 53, 58) and supports the assumption that the organism can persist for extended periods in its human host. Several studies have shown that C. pneumoniae can cause longlasting and chronic infections that do not respond to chlamydicidal antibiotic treatment (1, 16, 17, 20, 21, 48, 55) . Consequently, there is an urgent need to elucidate the mechanisms of persistence, to reveal markers of the persistent infection, and to identify new potential drug targets in host cells and bactericidal drugs that are effective against persisting chlamydia.
The obligate intracellular bacterium C. pneumoniae has a unique productive developmental cycle. An infectious, metabolically inert form called an elementary body (EB) initiates the infection by attaching to and stimulating uptake by the host cell. The internalized EB remains within a host-derived vacuole (inclusion) and differentiates into a larger, metabolically active, and replicative form termed the reticulate body (RB). The RB multiplies by 8 to 12 rounds of binary division. Then, it differentiates asynchronously back into an infectious EB (35) , which is released from the host cell 2 to 3 days postinfection (34, 35, 54) . During recent years, this classical paradigm of a biphasic developmental cycle of chlamydia had to be revised and supplemented. Under suboptimal growth conditions and in certain cell types (such as monocytes), the chlamydial development from RBs back into infectious EBs is arrested (or at least slowed to below the detection limit of infectious EBs). In this persistent state, chlamydiae exhibit an aberrant morphology and a modified metabolic activity. When conditions become more favorable, persisting chlamydiae can be reactivated to complete their growth cycle.
Such a long-term interaction with the infected host cell can be optimally investigated in cell culture (2, 26) . Usually, it can be achieved by a deviation from conventional growth conditions, i.e., by addition of gamma interferon (IFN-␥) or antibiotics (penicillin G) or deprivation of essential nutrients, including iron. In murine pneumonia models, IFN-␥ plays a central role in the Th1-dominated immune response to C. pneumoniae infection (42) (43) (44) . IFN-␥ exposure of chlamydial infections in cell culture provides a well-defined model of persistence (39) . It reflects in vivo situations where this cytokine is present in concentrations that already modify chlamydial growth but that are not sufficient to achieve bacterial elimination. The most important mechanism responsible for the intracellular effects of IFN-␥ is tryptophan depletion by activation of indoleamine 2,3-dioxygenase (38) . Additionally, other mechanisms, such as the inducible nitric oxide synthase effector pathway and iron deprivation, are associated with IFN-␥ (28) . In productive C. pneumoniae infection, host cell gene expression in epithelial HeLa cells is drastically altered, as was recently shown by our group. These induced host cell responses were strictly dependent on the viability of the chlamydiae: UV-inactivated or heat-treated chlamydiae do not activate HeLa cells (24) . Most likely, this biological effect is due to an active bacterial mechanism, such as the translocation of chlamydial effector proteins into the host cell cytosol by the bacterial type III secretion system. Moreover, an apoptosisinhibitory effect of chlamydia was shown in productive infection. Chlamydia efficiently blocks the release of cytochrome c from mitochondria upon the induction of apoptosis by external stimuli (12) . In this context, a new mechanism has been described targeting the proapoptotic BH3-only proteins Bim, Puma, and Bad for proteasomal destruction (13) . In leukocytes, additional signaling cascades are triggered via Toll-like receptors. Thus, in contrast to HeLa cells and several other cell types, monocytes respond to UV-inactivated or heat-inactivated chlamydia (41) .
However, it is still not clear how host cells are modified in persistence. Only a few responses of HeLa cells have recently been investigated by us in three models of long-term (24 h, 96 h, and 7 days postinfection) C. pneumoniae persistence: interleukin 6 (IL-6), IL-8, IL-11, LIF, connective tissue growth factor, and the transcription factors EGR-1 and ETV-4. Intriguingly, this direct comparison of persistence induced by IFN-␥, penicillin G, or depletion of iron revealed two different modes of host cell reaction 96 h postinfection (i.e., at a later time point, when the persistence-causing conditions are achieved) (41) . In the IFN-␥ model (as well as in the penicillin G model), regulation of the above-mentioned host cell genes returns to basal expression levels, i.e., their mRNA levels are indistinguishable from those of mock-infected cells. Additionally, the host cell signal transduction triggered by other stimuli is altered in persistently infected HeLa cells in the IFN-␥ model (41) . This suggested a general silencing of the infected host cells in the presence of IFN-␥, which may help to suppress inflammation and to prevent recognition of persistently infected cells by the immune system. However, the number of analyzed genes was very small.
In the present study, we wanted to clarify in a broader approach whether infected host cells are exclusively silenced at a time point late in IFN-␥-induced persistence or if they show chlamydia-dependent up-or down-regulation of host cell genes (compared to mock-infected cells). To evaluate this gene expression pattern and to identify such responses during IFN-␥-induced persistence, we analyzed HeLa cells with Affymetrix microchips (HG-U133A) 24 h and, more importantly, 96 h postinfection, comparing persistent and productive C. pneumoniae infections (versus mock-infected cells). Several human genes were selected for detailed expression profiling by semiquantitative real-time PCR. Our study demonstrates that C. pneumoniae causes long-lasting changes in the expression of genes involved in antiapoptosis, cell cycle control, and host cell metabolism in IFN-␥-induced persistence.
MATERIALS AND METHODS
Cell and chlamydial culture. Human cervical epithelial HeLa-cells (kindly provided by R. Heilbronn, Berlin, Germany) were cultured in Earle's minimal essential medium supplemented with 10% fetal calf serum, 2 mM L-glutamine, 0.1 M nonessential amino acids, and 1 mM sodium pyruvate (Biochrom, Berlin, Germany). Native cells were grown at 37°C and 5% CO 2 . C. pneumoniae CWL-029 (ATCC) was propagated in HeLa cells as recently published (41) . To obtain buffer samples for an optimal mock control, the complete purification procedure for EBs was performed in parallel in the absence of C. pneumoniae. IFN-␥ model of persistence in HeLa cells. Infection with C. pneumoniae (multiplicity of infection [MOI] ϭ 30 or MOI ϭ 3) was performed in RPMI 1640 medium (10% fetal calf serum, 0.1 M nonessential amino acids, and 10 mM HEPES) by centrifugation (55 min; 35°C; 2,000 ϫ g). To obtain a defined starting point for kinetic studies (time zero), the infected cells were washed with 1ϫ phosphate-buffered saline and incubated with fresh medium. After 30 min postinfection, the medium was replaced with medium containing 100 U ml Ϫ1 of IFN-␥ (R&D Systems, Wiesbaden, Germany) in order to induce persistence. The minimal concentration of the persistence-inducing IFN-␥ was selected, as evaluated by Peters et al. (41) , as the concentration at which less than 1% infectious EBs were recoverable after 4 days compared to productive infection. Daily exchange of the medium with IFN-␥ assured constant concentrations of growth factors and the persistence inducer. If not otherwise indicated, an MOI of 30 was used in all HeLa cell experiments. Under these conditions, an infection efficiency of more than 95% was achieved, as determined by immunofluorescence. With an MOI of 3 used in one experiment, an infection efficiency of more than 90% was achieved. Infections were performed in 12-well cell culture dishes with 8.6E5 cells and in 1.5 ml medium per well. For productive infection compared to persistence, RPMI 1640 including 10% fetal calf serum, 0.1 M nonessential amino acids, and 10 mM HEPES was used. In experiments comparing the effects of metabolically active and inactive C. pneumoniae, rifampin (1 g/ml) was added to the cell culture medium directly after infection, as well as together with the daily exchanged medium. Control experiments showed no propagation of C. pneumoniae under these conditions. Infected cells were always grown at 35°C and 5% CO 2 .
Electron microscopy. For transmission electron microscopy, monolayers of HeLa cells were infected with C. pneumoniae (MOI ϭ 30) and treated with IFN-␥ or left untreated (productive infection). The infected cells were trypsinized at 48 h postinfection, pelleted by centrifugation, and fixed with 2.5% glutaraldehyde buffered in 0.1 M Na-cacodylate-HCl (pH 7.3) for 12 h at 4°C. After postfixation with 2% osmium tetroxide dissolved in 0.1 M Na-cacodylateHCl (pH 7.3) for 1 h, the specimens were dehydrated in graded ethanols and embedded in Epon. Thin sections stained with uranyl acetate and lead citrate were examined in a Philips EM 301 electron microscope. The electron micrographs were selected, digitized, and processed using Adobe Photoshop 6.0. The relative amounts of EBs, intermediate bodies, and RBs as described previously (22, 39) , as well as of aberrant large bodies, were calculated.
Nucleic acid extraction. DNA used for bacterial-load analysis was isolated using the RNeasy Mini kit (QIAGEN, Hilden, Germany) according to the manufacturer's instructions. Cells were harvested by removal of the supernatant and addition of 350 l RLT buffer per well. After the first round of extraction, 10 l eluate was stored to measure the bacterial load. The rest of the eluate was reextracted by additional on-column DNase digestion. RNA was eluted in 50 l RNase-free water.
RNA quality assurance and quantitation. RNA quality and quantity were analyzed on the Agilent Bioanalyzer using the RNA 6000 Nano chip (Agilent Technologies Deutschland GmbH, Böblingen, Germany). In addition, RNA was quantitated by optical density measurement. Microarray analysis. RNA transcription labeling was performed using the BioArray HighYield RNA Transcript Labeling kit (T7) (Enzo, Farmingdale, NY). cRNA from two independent preparations was hybridized onto Affymetrix human genome U133A chips (duplicates). Scanning and image analysis were done with Affymetrix Microarray Suite software (version 5.0). The Affymetrix standard normalization technique was used (global scaling; normalization factor, 1,000). Microarray data analysis was performed using Spotfire Software (Spotfire, Somerville, MA). The results were filtered using the following values: change call ϭ increase (I) or decrease (D), I and signal/log ratio (SLR) Ͼ 1.32 (i.e., a factor of 2.5), or D and SLR Ͻ Ϫ1.32; ␣1 ϭ 0.05; ␣2 ϭ 0.065; ϭ 0.015; TGT ϭ 1,000. The detection algorithm used probe pair intensities to assign a present, marginal, or absent call. A score was calculated for each probe pair and compared to a predefined threshold, tau ( ϭ 0.015). Probe pairs with scores higher than tau voted for the presence of the transcript. Probe pairs with scores lower than tau voted for the absence of the transcript. In a comparison analysis, two samples, hybridized to two microarrays of the same type, were compared against each other in order to detect and quantify changes in gene expression. One array was designated as the baseline and the other as an experiment (treatment versus mock treatment at the corresponding time point). As an additional filter mechanism, only altered gene expressions with present calls in both samples were selected. Expression changes between two arrays were designated "change" (n-fold) and were defined as the ratio between the normalized intensities of the two arrays. Comparison analysis was done with Microsoft Excel X for Mac (Microsoft GmbH, Unterschleißheim, Germany).
Statistical analysis. Statistical analysis was performed using SPSS 11 for Mac OS X (SPSS Inc., Chicago, IL) and Microsoft Excel X for Mac. A probit analysis to determine the limit of detection for the RealArt C. pneumoniae TM PCR Kit (Artus GmbH) was performed using PriProbit version 1.63 designed by Masayuki Sakuma (Kyoto University, Kyoto, Japan) (http://bru.gmprc.ksu.edu/proj/priprobit /index.asp).
Real-time PCR. The bacterial load was measured in each sample for C. pneumoniae DNA, as well as for cDNA. DNAs and cDNAs from three independent preparations were analyzed quantitatively according to the manufacturer's instructions using the RealArt C. pneumoniae TM PCR Kit (Artus GmbH), with each sample run in triplicate. All real-time PCRs were run on the ABI PRISM 7000 SDS (Applied Biosystems, Weiterstadt, Germany).
The real-time PCR primer sequences can be found in Table S1 in the supplemental material. Primers and probes were designed using Primer Express software (version 1.0; Applied Biosystems). TaqMan probes were labeled at the 5Ј end with the reporter dye molecule 6-carboxyfluorescein (emission wavelength, 518 nm) and at the 3Ј end with the black-hole quencher dye BHQ1. A list of the TaqMan predeveloped assay reagents (Applied Biosystems) used can be seen in Table S2 in the supplemental material. Each real-time PCR sample was run in quadruplicate (and in triplicate in the rifampin experiment [see Fig. 5 ]) on each of three independent experiments at an MOI of 30 and two independent experiments at an MOI of 3. Statistical evaluation for gene regulation by using a twofold regulation cutoff was performed by one-way analysis of variance (P Յ 0.05).
Real-time PCR data were usually normalized to the levels of three simultaneously used endogenous controls (beta-glucuronidase [GUS], TATA-box binding protein [TBP] , and 18S rRNA), which were run in triplicate in each experiment. In the rifampin experiment, only GUS and TBP were used as housekeeping genes. Relative quantitation was performed using the standardcurve method on FirstChoice Human Cell Line Total Cervical Adenocarcinoma RNA. For each experimental sample, the amounts of target and endogenous control were determined from the appropriate standard curve. Then, the target amount was divided by the endogenous control amount to obtain a normalized target value. As three or two endogenous controls were used for the target gene, three or two different normalized target values were obtained. Moreover, each of the normalized target values was divided by the normalized corresponding mockinfected control sample to generate the relative expression sample. For each analyzed gene, negative and no-reverse transcriptase (RT) controls were performed to rule out genomic-DNA contamination. The PCR efficiencies of all assays were greater than 90%, and the calculated R 2 value for each standard curve was at least 0.99.
From a total of 66 human genes found to be regulated in the microarray (see above), 19 genes were selected for real-time PCR analysis based on the following criteria. (i) The selected genes had to belong to different important functional groups.
(ii) For a persistence model, 96 h in the presence of IFN-␥ is considered the most important time point and experimental condition, respectively. Nevertheless, genes were also selected when they were regulated under other conditions in the screening, because by applying a stringent selection procedure, regulation observed in the microarray can almost always be confirmed by realtime PCR. However, negative results in the array cannot be equally trusted, as the more sensitive real-time PCR will often be able to show regulation for samples with seemingly negative results in the microarray (24) . (iii) Within these groups, genes with a relatively high factor of regulation were selected, assuming that a drastic change in the regulation of a gene should have a larger influence on the host cell. (iv) To focus on novel information, genes which had already been described as being regulated by chlamydia were excluded.
RESULTS

IFN-␥ persistence model in epithelial HeLa cells.
A cell culture model of chlamydial persistence in HeLa cells (in the absence of cycloheximide) was optimized to permit observation periods of up to 1 week, thereby best characterizing the time point 4 days (i.e., 96 h) postinfection. Details of this IFN-␥ model have recently been published by us, clearly demonstrating key features of chlamydial persistence (41) . In summary, these were (i) almost complete lack of infectious EBs on day 4 or day 7, (ii) the persisting chlamydia could be reactivated after removal of IFN-␥ and addition of L-tryptophan on day 4 postinfection by 40% compared to productive infection, and (iii) typical changes in morphology of the altered RB-like forms became apparent within the first 2 to 3 days and were sustained during the entire observation period (as depicted here in Fig. 1 and Table 1 ). Moreover, the expression of four analyzed host cell genes did not alter between days 4 and 7, thus indicating that a new steady state in transcription was achieved during this period.
To enable direct comparison with the data obtained in our previous investigation (41) and to achieve high sensitivity in the screening, an MOI of 30 was used again in the present study for microarrays and most real-time PCRs. Additionally, one realtime PCR experiment was performed with an MOI of 3, as indicated. Based on our knowledge of this persistence model, the analyses were performed on three pairs of samples within this study: (i) after 24 h of productive infection, as well as (ii) after 24 h and (iii) after 96 h of IFN-␥-induced persistent infection. The analyses always compared infected HeLa cells and the corresponding mock-infected HeLa cells.
Determination of bacterial load by real-time PCR of chlamydial DNA. Total RNA, obtained in three sets (A, B, and C) of biologically independent experiments, was later analyzed by real-time PCR. To confirm similar rates of infection in the corresponding samples, ompA DNA levels were determined by the Artus C. pneumoniae TM PCR Kit. The bacterial loads differed only slightly between the samples of one biological replicate, and they were also very similar when the three independent sets were compared (Fig. 2) . In the mock-infected control samples, no C. pneumoniae DNA was detected. Thus, contamination during DNA preparation could be ruled out.
Screening of host cell gene regulation in persistence using microarray technology. To test the hypothesis that as-yet-unknown pathways might be differentially regulated by C. pneu-moniae, the transcriptional response of HeLa cells was examined in two independent experiments using Affymetrix U133A human genome chips consisting of 22,284 human gene probe sets. This analysis was performed on the three pairs of samples obtained 24 h or 96 h postinfection.
The two independent microarray experiments correlated with a mean Pearson coefficient of 0.99 (standard deviation, 0.0028). Sixty-six human genes were differentially regulated during C. pneumoniae infection (see Table S3 in the supplemental material) under at least one of the three experimental conditions (treatment versus mock treatment at the corresponding time point) by Ն2.5-fold (and present calls in both samples). The calculated mean changes for the 19 host cell genes that were selected for real-time PCR analysis are given in Table 2 .
Host cell gene expression profiling of persistent C. pneumoniae infection by real-time PCR. To further characterize our DNA microarray findings, we performed semiquantitative realtime PCRs for 19 HeLa cell genes representing different functional groups (Table 2 lists the complete gene name, abbreviation, probe set, and accession number). Additional criteria for the selection of these genes can be found in Materials and Methods. This analysis was performed on RNAs obtained in three independent experiments. Three eukaryotic housekeeping genes were simultaneously used in each experiment as endogenous controls (see Materials and Methods) in order to obtain accurate normalization and to compensate for small variations. Real-time PCRs (two-step RT-PCRs) were set up for these endogenous controls and for eight genes from microarray screening (for primer and probe sequences, see Table  S1 in the supplemental material). For the remaining 11 genes, TaqMan predeveloped assay reagents were used (Applied Biosystems) (see Table S2 in the supplemental material).
As expected, the basal expression level of several host cell genes after mock infection changed slightly due to the treatment with IFN-␥. Therefore, mRNA levels for mock-infected controls and for C. pneumoniae-infected cells are depicted in parallel for direct comparison in Fig. 3 . Statistically significant changes between infected cells and the corresponding mockinfected controls are indicated. The calculated factors of regulation are also depicted above the pair of corresponding columns. The real-time PCR results revealed two main groups of C. pneumoniae-induced gene regulation. Seven host cell genes were permanently up-regulated in IFN-␥-induced persistence (CYR61, PLK2, PTGER4, RAI3, OASL, DKK1, and IFI44) (Fig. 3, bottom) . Eight genes were permanently down-regulated compared to mock-infected HeLa cells (Adlican, BNIP3, (Fig. 3, top) . Chlamydia-induced down-regulation was less pronounced, with a minimum regulation of approximately 20% compared to mock-infected cells. Only two genes (KRT17 and DACT1) ( Fig.  3 ; also see Fig. 5 ) were up-regulated 24 h postinfection but down-regulated 96 h postinfection. The regulation of two genes (HASPA1-A and HSPA1-B) observed in the microarray could not be confirmed, either by real-time PCR, even using three different sets of primers, or by Northern blotting (data not shown). Thus, they were most likely microarray artifacts.
CA9, CTH, HEY1, Insig1, LOX, and NDRG1)
The experiments performed with an MOI of 30 demonstrate the principal ability of chlamydia to alter host cell gene expression under conditions where these regulations can be optimally observed. Such a large number of EBs might also be found locally when productively infected cells lyse. To ensure that the results obtained in these experiments also provide information for other situations (i.e., at a greater distance to lysed productively infected cells, leading to a decreased number of infectious EBs), real-time PCR analysis was repeated for some of the genes, using an MOI of 3 for C. pneumoniae in the IFN-␥ persistence model. Three genes that were strongly regulated at an MOI of 30 (OASL, DKK1, and KRT17), as well as three genes with a lower factor of regulation (BNIP3, CA9, and LOX), were selected. Four of these genes were down-regulated in the high-MOI real-time PCR experiment 96 h postinfection in the persistence model, and two were up-regulated. This comparison focused on the best-characterized time point of persistence. The modified experiment revealed concordant results and the same pattern of functional responses to persisting C. pneumoniae 96 h postinfection as described above for a higher MOI. However, as expected, the factor of regulation was smaller: OASL and DKK1 were again up-regulated, while KRT17, BNIP3, CA9, and LOX were again down-regulated compared to the corresponding mock controls (Fig. 4) . The effect of regulation in infected HeLa cells is most likely stronger than calculated, because the mRNA of noninfected and therefore still dividing cells (ϳ30 to 40% after 96 h in the absence of cycloheximide at the lower MOI) was included in the analysis of the host cell gene expression. Taken together, the results obtained with an MOI of 3 confirm the pattern of gene expression observed with an MOI of 30.
Moreover, to clarify whether host cell responses were de- pendent on chlamydial metabolism, the infection experiment at an MOI of 30 was repeated for the same six host cell genes with a new preparation of C. pneumoniae in the absence or presence of rifampin (Fig. 5) . DACT1 was also included because the gene (and KRT17) had shown opposite regulation in productive infection and the late time point of persistent infection (Fig. 3) , an observation that could be confirmed in this new set of experiments. Intriguingly, different patterns were observed in evaluating three independent rounds of infection. The up-regulation of DKK1 mRNA at 24 h of productive infection, as well as at 24 h and 96 h of persistent infection, was completely inhibited by the antibiotic blocking bacterial RNA polymerase. Similarly, the C. pneumoniae-induced decreases in BNIP3 and CA9 mRNAs were completely dependent on bacterial metabolism. In contrast, the strong up-regulation of OASL by C. pneumoniae 24 h postinfection in the absence or the presence of IFN-␥ were not influenced (or sometimes were even higher) when the bacterial RNA polymerase was blocked. For DACT1, KRT17, and LOX, the response seemed to be to some extent dependent on rifampin and thus on chlamydial metabolism.
DISCUSSION
In recent years, it has become apparent that chlamydiae can switch in cell culture and in the living organism to a metabolically and morphologically altered and difficult to eliminate persistent form (26) . Thus, persistence has recently become a central issue of chlamydial research. To elucidate the biology of persistence and its implications, cell culture models can provide valuable information. Experimental conditions are precisely defined, high rates of relatively synchronized infection can be achieved, and signaling pathways can be easily dissected. Therefore, the molecular interaction between chlamydiae and their host cells can be investigated in a very sensitive system. Additionally, due to relatively strong cell responses and relatively low variations, screening methods, such as microarrays, can be applied with less difficulty. Of course, the cell culture models cannot replace animal models or the analysis of human tissue; however, they can guide us in the design of such studies. In particular, they can help to select good candidates for specific investigations in situ. For example, up-regulation of Egr-1 by chlamydiae was first identified by microarray and RT-PCR in HeLa cells in our laboratory (25) . Meanwhile, this regulation has been confirmed for C. pneumoniae in vascular tissue (46) . IFN-␥ induction, used in this study to identify such candidates in cell culture, is often considered a key model for chlamydial persistence and is certainly the best-studied one. It has several advantages compared to others models. In mice, IFN-␥ plays a central role in the defense against C. pneumoniae (15,  36, 43-45, 52) . The penicillin G model leads to similar host cell responses, suggesting that both models represent expression patterns that can be induced by various conditions. In the IFN-␥ model, persistence is clearly reversible, as aberrant bodies can be efficiently reactivated into the productive cycle. However, it should be noted that variations in cell biology between different persistence models can and will occur, perhaps representing different in situ situations (41) .
The present study was conducted to determine whether C. pneumoniae silences host cell responses in general, as formerly observed for individual genes, or if other changes in the expression of host cell genes can be identified in persistence which might ameliorate the survival of the bacteria and might influence the pathogenesis. The latter hypothesis of a modified expression pattern of persistently infected cells (compared to mock-infected cells) was confirmed. The observed changes on the mRNA level concern genes that participate in key responses and pathways of the infected cells: apoptosis and anAdditionally, the calculated factor of regulation (mean Ϯ SD), in comparing chlamydia-infected cells and mock-infected cells, can be found above the corresponding pair of columns. Calculated factors of differential regulation above 2.0 and below 0.5 are indicated in boldface. An asterisk indicates a significant change (P Յ 0.05). There was no regulation of HASPA1-A and HSPA1-B as confirmed by Northern blotting (data not shown). Therefore, the regulation observed in the microarray was most likely an artifact. Regulated host cell genes that modify apoptosis and the cell cycle. The proapoptotic regulator BNIP3 (59) was found to be down-regulated. The permanently up-regulated cysteine-rich 61 (CYR61/CCN1) is an immediate-early gene of the CCN family. CYR61 is not only able to control the growth of fibroblasts and epithelial cells, but also to induce or suppress apoptosis in a cell-type-dependent manner by activating Wnt, NF-B, or the tyrosine kinase signaling pathway (6) . Intriguingly, several factors that interfere with the Wnt/␤-catenin pathway were found to be regulated in the C. pneumoniae infection model. The binding of Wnt to the membrane Frizzled-LRP5/6 receptor complex causes the stabilization of ␤-catenin, the major effector of the canonical Wnt signaling pathway, which forms heterodimeric complexes with transcription factors of the TCF family (4) and leads to the expression of a variety of TCF target genes. Wnt signaling controls a wide variety of cell processes, including cell fate specification, differentiation, migration, and polarity (40) . Dickkopf-1 (DKK1), up-regulated by C. pneumoniae, encodes a secreted Wnt antagonist that binds to LRP-5/6, resulting in the inhibition of the canonical pathway and the absence of expression of TCF target genes (37) . At 96 h of persistent C. pneumoniae infection, Dapper homolog 1 (DACT1; also called LOC51339), an inhibitor of Wnt/beta-catenin signaling, was down-regulated. Thus, up-regulation of DKK1 and down-regulation of DACT1 seem to counteract each other in respect to Wnt inhibition. In the rifampin experiment, only the up-regulation of DKK1 was completely dependent on chlamydial metabolism. This suggests that the two seemingly counteracting responses of DKK1 and DACT-1 might be induced differently-on one hand directly by metabolically active chlamydiae, and on the other hand by a compensating reaction of the host cell. In any case, our data indicate that the Wnt/␤-catenin pathway is modified during chlamydial infection. However, the biological net effect at a certain time point cannot be predicted. The observed downregulation of DACT1 might result in ␤-catenin stabilization and up-regulation of c-myc and might therefore be responsible for the observed down-regulation of n-myc downstream regulated (NDRG1), which is necessary for p53-dependent apoptosis (49) . Activation of the tumor suppressor protein p53 can lead either to cell cycle arrest and DNA repair or to apoptosis. The regulation of p53 is controlled by various mechanisms (51) . A common feature in the regulation of p53 activity is its stability control. One key molecule in this process is HDM2 (the human homolog of MDM2), which directs the nuclear export and degradation of p53 in a ubiquitin-dependent way (23) . Hairy/ E(spl)-related with YRPW motif 1 (HEY1) activates p53 through repression of HDM2 transcription (27) . During C. pneumoniae infection, HEY1 was down-regulated. This decreased expression of HEY1 might support the activation of HDM2 and thus inhibit p53-induced apoptosis. Recently, Wu and colleagues (56) revealed the retinoic acid-induced protein 3 gene (RAI3) to be a novel p53 transcriptional target functioning as an antiapoptotic gene. Thus, up-regulation of antiapoptotic RAI3 seems to be part of the C. pneumoniae strategy for long-term intracellular survival. The permanently up-regulated polo-like kinase 2 gene (PLK2/SNK) is a transcriptional target of p53 induced by genotoxic stress and seems to be a mitotic checkpoint (5) . Summarizing the observed regulations involving p53, this proto-oncogene seems to participate on several levels in the C. pneumoniae-induced changes. However, it is difficult to predict how these signal cascades interact with each other and how they functionally influence the cell fate.
Dorai and colleagues (8) discovered that the carbonic anhydrase 9 protein (CA9) seems to be involved in the activation of the Akt pathway, which has a distinct antiapoptotic function and promotes cell survival. The observed down-regulation of CA9 might lead to suppression of this antiapoptotic effect.
Clearly, various host genes that modify apoptosis are differentially regulated during C. pneumoniae infection. The delicate balance of pro-and antiapoptotic effects might decide the fate of the infected cell. Most changes suggest the dominance of an antiapoptotic response in chlamydial persistence. However, a different type of study must address this issue.
Changes involving host cell metabolism and other functions. C. pneumoniae seems to interact with the cysteine biosynthesis of the host cell by the down-regulation of cystathionase (CTH). Insig1 is a protein of the endoplasmic reticulum. It blocks proteolytic activation of sterol regulatory element-binding proteins (SREBPs), membrane-bound transcription factors that activate the synthesis of cholesterol and fatty acids (57) . Thus, the observed decrease in Insig1 might lead to activation of cholesterol and lipid synthesis. Adlican, which was also downregulated, is predicted to be a cell adhesion proteoglycan (50) .
Prostaglandin receptors are involved in inflammation and defense. The up-regulation of prostaglandin E receptor 4 gene (PTGER4) expression is consistent with the observations of Fukuda et al. (14) , who described a C. trachomatis LGV2-induced increase in PTGER4 expression in HeLa cells. Lysyl oxidase (LOX), which was down-regulated in our C. pneumoniae infection model, is not only the initiator of cross-linking of elastin and collagen, but also acts as a potent chemoattractant for human peripheral blood mononuclear cells (33) .
The intermediate filament protein keratin 17 gene (KRT17) showed a changing gene expression from increase (24 h) to decrease (96 h) during C. pneumoniae infection in this study. KRT17 seems to participate in C. pneumoniae-induced modifications of the cytoskeleton (29) . Notably, it has been shown recently that related keratin 8 is cleaved by chlamydial secreted protease (7) . As suggested by the down-regulation at a late time point in the persistence model, cytoskeleton modifications might no longer be necessary when persistence is accomplished.
In our experiments, the interferon-induced 2Ј-5Ј-oligoadenylate synthetase-like gene (OASL) was permanently (i.e., still 96 h postinfection in persistence) up-regulated by C. pneumoniae in HeLa cells by one of the highest factors observed (compared to IFN-␥-treated HeLa cells that were mock infected). Members of the OAS family are critical components of innate immunity in mammals and are important for the antiviral activity of interferons (10) . The interferon-induced hepatitis C-associated microtubular aggregate 44-kDa protein gene (IFI44) is also a member of the family of interferon-␣/␤-inducible genes (30) . Its up-regulation might participate in the inflammatory process observed during persistence.
Our results clearly demonstrate that C. pneumoniae-induced host cell responses are not simply shut down at later time points of persistent infection. On the contrary, genes related to apoptosis, the cell cycle, or host cell metabolism are permanently differentially regulated by this intracellular bacterium. Functional studies are needed to show how the corresponding proteins influence the complex biology of an infected cell. Our results obtained under inhibition of bacterial protein synthesis indicate two different mechanisms influencing host cell responses in persistent and productive infection. Part of the response depends on chlamydial RNA polymerase, suggesting the involvement of bacterial effector proteins, which are synthesized and secreted during chlamydial development. Responses, such as the increase in OASL mRNA, which were not influenced or were even greater in the presence of chlamydial metabolism, suggest stimulation by bacterial cell wall components or heat shock proteins or by chlamydial effector proteins, which are already preformed in EBs and which are injected at the beginning of the infection.
Our results permit a rational design for future functional experiments to further characterize and elucidate C. pneumoniae infection. As an intracellular pathogen, C. pneumoniae relies on host cells in all aspects of its survival. The molecules interacting with the host could be attractive targets for therapeutic intervention, particularly in persistence, where antibiotic drugs are ineffective. The results of this gene expression study cast light on host-pathogen relations that are essential for chlamydial survival. Using this knowledge, strategies interfering with essential interactions between C. pneumoniae and the host cell, like apoptosis inhibition, can be exploited in the future to develop an innovative arsenal of therapeutic compounds. 
